Microscopy and lithography using isotropic plasma x-ray and extreme ultraviolet sources require condenser elements with high numerical aperture. As shown by coupled-wave theory, zone structures with high aspect ratios can diffract a sufficiently large proportion of incident radiation into a single high order. This enables new diffractive optical elements for these applications with significantly increased numerical aperture. Suitable zone plate materials are nickel for water window wavelengths and organic polymers for ϭ13 nm radiation. Copolymer and nickel zone structures have been produced with aspect ratios of 15 and 11, respectively. For optimization of the etched zone profile, the reactive ion etching process with O 2 was periodically interrupted. In a first experiment at ϭ3.4 nm a nickel linear zone plate with 75 nm outermost zone width and 500 nm height showed a diffraction efficiency of 1% in the sixth diffraction order.
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I. INTRODUCTION
Laser generated plasmas emit a photon flux of more than 10 12 photons/pulse sr for wavelengths in the water window 1 and in the extreme ultraviolet ͑EUV͒ region. 2 Thus, tabletop x-ray microscopes and EUV lithography with comparatively short exposure times are feasible. A plasma generated from an ethanol jet, emitting radiation at ϭ3.37 nm ͑Carbon C IV 1s -2p transition͒ is suited for x-ray microscopy, while for lithography purposes radiation with wavelengths in the region of ϭ13 nm is commonly preferred. As plasma sources emit isotropically, the photons have to be collected from a large solid angle by condenser elements with high numerical aperture ͑NA͒ and high efficiency ͑͒. Furthermore, condensers used in x-ray microscopes should have a NA similar to that of the zone plate objective for high spatial frequency transfer. As condensers transmission and reflection optics are thinkable. However, especially for water window wavelengths spherical or ellipsoidal multilayer mirrors are very difficult to manufacture. Moreover, multilayer systems have to be designed for a fixed wavelength. Alternatively, transmission zone plates ͑ZPs͒ can be employed. For ZPs the numerical aperture is given by NAϭϫm/2dr n where is the wavelength, 2dr n the outermost, smallest zone period, and m the order of diffraction. Conventionally, the first order of diffraction has been used and the NA has been improved only by decreasing dr n . Micro zone plate objectives for the first order of diffraction have been built with dr n MZP ϭ20-30 nm. 7, 8 Condensers imaging a source with magnification M must have an outermost zone width of dr n cond ϭdr n MZP m/(M ϩ1) to match the objective aperture. Note that for M ϭ1 we obtain dr n cond ϭdr n MZP m/2. However, on the comparatively large areas required for condensers, structure sizes smaller than 40 nm are very hard to fabricate. 3 Alternatively, high orders of diffraction can be utilized, if a higher NA is desired. Calculations with the coupled-wave theory ͑CWT͒ predict that for high aspect ratio gratings the proportion of the incident light, which is diffracted into a single high order can be up to 50%. 4 This effect makes such zone plate condensers interesting for experiments with isotropic x-ray sources. They combine high NA, a sufficiently high efficiency and the possibility to perform experiments at different wavelengths. First, we apply the CWT to analyze the dependence of on the ZPs parameters and setup geometry. Second, a process to fabricate the required high aspect ratio zone structures is described and a first measurement of a high order linear ZP is presented.
II. THEORETICAL RESULTS FOR HIGH ASPECT RATIO ZONES
Usually the diffraction of ZPs for the soft x-ray region has been described by theories, which assume optically thin gratings, i.e., neglect volume effects of the zone structures. 5 If the aspect ratio of the zones increases, the zone plate structures have to be regarded as volume gratings and the thin grating approach is no longer applicable. 6 For the analysis of such diffractive elements with high aspect ratios more general electrodynamic theories, e.g., the CWT has to be applied, which showed new effects for high aspect ratio grating structures. In particular very high efficiencies for higher orders of diffraction have been predicted if the aspect ratio exceeds ten and the ZP is used in Bragg geometry. 4 The diffraction efficiency m ϭN m /N 0 , where N 0 is the number of incident photons and N m is the number of photons diffracted into an order m by the ZP structures, depends on the height of the zone structures h, the slant angle of the zones against the optical axis, and the ratio L/⌳, where L denotes the width of the zone bars and ⌳ is the zone period. Figure 1 shows lines of constant efficiency in the sixth order of diffraction in the (L/⌳,h) plane for a nickel grating with ⌳ϭ160 nm ͓Fig. 1͑a͔͒, and a copolymer grating with ⌳ϭ200 a͒ Electronic mail: dhambac@gwdg.de nm ͓Fig. 1͑b͔͒ as calculated with the CWT. The wavelength of the incident radiation is ϭ3.4 nm in ͑a͒ and ϭ13 nm in ͑b͒. It can be seen that in both cases 6 strongly increases with increasing h and decreasing L/⌳. In the case of the copolymer grating illuminated with ϭ13 nm radiation values of 6 Ͼ20% are evaluated for hϾ700 nm and L/⌳ Ͻ0.4, which corresponds to an aspect ratio of nine. As the complex index of refraction nϭ1Ϫ␦Ϫi␤ gets closer to unity for shorter wavelengths, the high efficiency region in the (L/⌳,h) plane is shifted to larger zone heights. Therefore, for radiation with ϭ3.4 nm 6 is limited to about 7.5% for zone structures with aspect ratio р10.
The influence of slanting the zones against the optical axis by an angle is shown in Fig. 2 3͒. To image an extended source, it is necessary that the efficiency does not change strongly for small deviations from the ideal Bragg angle. The results of the CWT calculations show, that deviations of Ϯ0.5°can be tolerated.
Currently used planar nanostructuring technologies allow only the fabrication of unslanted circular zone structures with ϭ0. Consequently, in ϭ m is required to realize the Bragg case. This condition is fulfilled if the condenser images the source at 1ϫ magnification on the object to be illuminated. As the diameter of plasma sources generated from liquid jets is typically 10-40 m and the field of view in transmission x-ray microscopes is usually Ϸ20 m wide, a 4 f setup with 1ϫ magnification suits the requirements ͑Fig. 4͒. For example, an annular condenser zone plate with 150 nmϽ⌳Ͻ180 nm and a focal length f 6 ϭ20 mm has a NAϭ0.136 in the sixth order of diffraction at ϭ3.4 nm and collects in a 4 f setup photons from a solid angle of ⍀ ϭ4.4ϫ10 Ϫ3 sr. In this geometry the angular extension of sources with less than 100 m in diameter is Ͻ0.15°. Thus, all source points can be imaged with nearly equal efficiency. 
III. FABRICATION PROCESS
A three level process is used to structure a copolymer which serves in the following process step as galvanoform for nickel plating ͑Fig. 5͒. Silicon membranes with a thickness of 150 nm and a diameter of 6 mm are used as substrates. The plating base ͑10 nm Cr and 15 nm Ge͒ is deposited on the substrate by electron beam evaporation. To ensure reasonable diffraction efficiencies, nickel structures with a zone width of 75-90 nm and an aspect ratio Ͼ10, i.e., a zone height of 750-1000 nm are required.
A. Radiation enhanced copolymer
For the electroplating it is essential that the structures of the galvanoform combine a sufficient mechanical stability at very high aspect ratios with a very low electrical conductivity. This is accomplished by a cross-linked copolymer based on the monomers phenylethylene ͑PE͒ and divinylbenzene ͑DVB͒. 7 Prior to the polymerization, the technical grade monomers are purified by destillation. A mixture of 80% PE and 20% DVB monomers is heated to 90°C where the radical polymerization is initiated with benzoylperoxide. After 5 min the reaction is stopped by cooling. At this step the viscosity of the mixture is too low for spinning on layers of the required thickness. Reducing the pressure over the liquid to about 1 mbar for 30-40 min increases the viscosity by partly evaporating excess monomers. After filtering of the mixture a 700-800-nm-thick copolymer layer can be spun on the plating base. Thicker layers can be obtained by spinning on the copolymer twice with a 45 min bake at 85°C in between. The crosslinking is enhanced in two steps. First, the samples are baked for 120 h in a N 2 atmosphere, and the temperature is gradually increased from 85 to 140°C. During copolymerization the carbon CϭC bonds of the vinyl groups are inserted as C-C bonds into the cross-linked polymer chains. After thermal baking a significant share of the vinyl groups remain intact. Therefore, in a second step the samples are irradiated with soft x rays to create ionized and electronically excited molecules by x-ray absorption and inelastic electron scattering. By forming links with adjacent polymerchains or monomers, these molecules strongly increase the degree of crosslinking. 8 A radiation dose of 5ϫ10 9 Gy is necessary to crosslink almost all monomers. To apply this dose in reasonable times, the samples are irradiated with the direct beam from a bending magnet at the BESSY electron storage ring. Due to the high dose applied already to the samples, no radiation damage of copolymer ZPs has to be expected if used as optical elements.
After the irradiation 10-12 nm Ti are electron beam evaporated on the copolymer. Finally, 75 nm of poly͑meth-ylmethacrylate͒ ͑PMMA͒ ͑Dupont Elvacite 2041, 450 kg/ mol͒ are spin coated on the samples.
B. Pattern generation and transfer
The zone pattern is generated by electron beam lithography with a LEICA LION-LV1 system. The continuous path control mode of the system is employed, allowing to write large curved patterns without field stitching by moving the sample stage under the spatially nearly fixed electron beam. A primary electron energy of 5 keV was chosen. At this energy the penetration depth of electrons in polymer is about 600 nm. 9 Therefore, the 75-nm-thick PMMA layer is completely exposed, but proximity effects are reduced and the dose differences between thin silicon membrane samples and thicker substrates occurring at higher electron energies are eliminated. The linewidth is adjusted by controlled defocusing of the electron beam.
10 After development the pattern is transferred into the Ti layer by a reactive ion etching ͑RIE͒ step with BCl 3 . The Ti acts as a mask for the following RIE step of the copolymer with O 2 . The selectivity between the Ti and the copolymer is у120 for the plasma etching conditions used. After RIE with BCl 3 an additional Ar sputtering step is performed for 100 s to clean the copolymer surface from boron compounds and to remove molecules with strong C-Cl bonds formed during the BCl 3 etch step. The pattern is then transferred into the copolymer by RIE with O 2 at a pressure of 5 mTorr, a flow of 20 sccm, and a radio frequency ͑rf͒ power of 60 W resulting in a self-bias voltage of 700 V. If the O 2 etch process is performed continuously, a ''fish tail'' like profile is obtained. The overall width of the groove increases towards the bottom, and in the middle of the groove a bar with triangular profile is left ͓Fig. 6͑a͔͒. It was found that this problem can be almost completely overcome if the etch process is periodically interrupted. For this purpose the process chamber is vented and opened for 1 min after every 3 min of etching. The effect is not entirely understood yet, but we assume that negative charges are accumulated on the structures during etching, which in turn deflect the passing ions to the sidewalls. The venting could lead to a neutralization of these charges. It can be seen in Fig.  6͑b͒ that this process modification makes the etch profile nearly rectangular and the middle bars vanish. The copolymer structures could be used directly as diffractive element for radiation with ϭ13 nm, if the deposition of the highly absorbing plating base is omitted.
After etching, nickel is electroplated with a commercial nickel sulfamate bath at a current of 6 mA, a temperature of 35°C, and pHϭ3.5. Figure 7 shows the profile of a galvanoform with a zone period of 180 nm and a height of 1380 nm. It is filled up to a height of 1000 nm with Ni. Thus, the aspect ratio is about 15 for the copolymer structures and 11 for the nickel zones. In a further BCl 3 and O 2 RIE etch step the remains of the Ti mask and the galvanoform are stripped.
IV. EFFICIENCY MEASUREMENT
A first diffraction efficiency measurement of a nickel linear zone plate optimized for high-order diffraction was performed at BESSY. For this purpose a nickel grating with 600 lines/mm was used to monochromatize the synchroton radiation. A MgF 2 double mirror with an incidence angle of 3.0°w as utilized to suppress shorter wavelengths in the beam, especially the third order of the monochromator grating. The quasiparallel synchrotron radiation allows to measure the angular dependence of the efficiency by tilting the linear ZP around an axis parallel to the zones. A 1 mm long linear ZP with zone periods from 150-180 nm, a focal length f 6 of 20 mm in the sixth order of diffraction, and a zone height of about 500 nm has been tested at a wavelength of ϭ3.4 nm. The diffraction orders mϭ0 . . . 6 have been recorded simultaneously with a reference beam on a charge coupled device detector. In the sixth order a maximum diffraction efficiency of 1% has been measured ͑Fig. 8͒. Note that the efficiency decreases at angles Bragg as theoretically expected.
V. DISCUSSION AND CONCLUSION
CWT shows that for structures with aspect ratio Ͼ10 the diffraction efficiency of the sixth diffraction order can be up to 7.5% for nickel structures at ϭ3.4 nm and Ͼ20% for organic polymer structures at ϭ13 nm. For nanostructuring of the ZPs a process based on dry etching of a cross-linked 2 ) Ϫ1 sin 2 (mL/⌳). This means that even in the case of an optimal L/⌳ ratio only 6 ϭ0.29% is predicted for zones of 500 nm height. CWT predicts an efficiency of 2.7% for this ZP. Further efforts are necessary to characterize the zone structures with respect to the zone profile and the removal of the galvanoform. For an improved understanding of the new high-order diffraction optics, it is also planned to perform measurements at ϭ13 nm with copolymer ZPs. 
